Loss of barrier integrity has an important role in eliciting type 2 immune responses, yet the molecular events that initiate and connect this with allergic inflammation remain unclear. We reveal an endogenous, homeostatic mechanism that controls barrier function and inflammatory responses in esophageal allergic inflammation. We show that a serine protease inhibitor, SPINK7 (serine peptidase inhibitor, kazal type 7), is part of the differentiation program of human esophageal epithelium and that SPINK7 depletion occurs in a human allergic, esophageal condition termed eosinophilic esophagitis. Experimental manipulation strategies reducing SPINK7 in an esophageal epithelial progenitor cell line and primary esophageal epithelial cells were sufficient to induce barrier dysfunction and transcriptional changes characterized by loss of cellular differentiation and altered gene expression known to stimulate allergic responses (for example, FLG and SPINK5). Epithelial silencing of SPINK7 promoted production of proinflammatory cytokines including thymic stromal lymphopoietin (TSLP). Loss of SPINK7 increased the activity of urokinase plasminogen-type activator (uPA), which in turn had the capacity to promote uPA receptor-dependent eosinophil activation. Treatment of epithelial cells with the broad-spectrum antiserine protease, 1 antitrypsin, reversed the pathologic features associated with SPINK7 silencing. The relevance of this pathway in vivo was supported by finding genetic epistasis between variants in TSLP and the uPA-encoding gene, PLAU. We propose that the endogenous balance between SPINK7 and its target proteases is a key checkpoint in regulating mucosal differentiation, barrier function, and inflammatory responses and that protein replacement with antiproteases may be therapeutic for select allergic diseases.
INTRODUCTION
Epithelial cells are uniquely positioned as the first line of defense against potential insults (1) . In response to a perturbation of epithelial barrier integrity, acute injury, and/or immune stimulation, epithelial cells secrete an arsenal of proinflammatory, innate cytokines, such as interleukin-1 (IL-1), IL-25, IL-33, granulocyte-macrophage colonystimulating factor, and thymic stromal lymphopoietin (TSLP), that can promote type 2 immune responses such as those that occur in allergic diseases (1) .
The importance of the loss of barrier integrity in eliciting type 2 responses is illustrated by the atopic manifestations seen in individuals harboring loss-of-function mutations in the skin barrier proteins filaggrin (FLG) or desmoglein 1 (DSG1) (2) . Although these genetic studies provide proof of principle for the importance of barrier function in the elicitation of type 2 immunity, particularly in the skin, the relevance of these findings to the development of other allergic phenotypes besides atopic dermatitis remains uncertain. Furthermore, the mechanisms that link the associated barrier dysfunction with T helper cell 2 immunity remain largely unknown. Here, we focused on uncovering the mechanism of allergic inflammation in eosinophilic esophagitis (EoE), a chronic, food-driven, inflammatory allergic disease of the esophagus (3) . EoE is diagnosed according to the number of infiltrating eosinophils in the esophageal squamous epithelium, but other associated inflammatory cells are likely involved including mast cells, basophils, and lymphocytes (4) (5) (6) . Besides being a recently emerging allergic disease that is in need of deeper understanding, EoE provides a unique opportunity to probe human allergic inflammation at the tissue level, as the diseased tissue is readily available for experimental investigation by routine endoscopic biopsies. Evidence is mounting that EoE is mediated by impaired barrier function, histologically observed as dilated intercellular epithelial spaces (7) and measurable by reduced epithelial resistance and increased paracellular permeability of esophageal biopsy samples (8) . Multiple lines of emerging evidence substantiate a key role for the epithelium in the propagation and pathoetiology of EoE as the disease is mediated in part by loss of epithelial DSG1 (9) . In addition, linkage of disease susceptibility with genetic variants in the epithelial genes TSLP (5q22) and CAPN14 (2p23) has been established (10, 11) . Notably, IL-13 induces not only impaired barrier function in esophageal epithelium but also the gene product of CAPN14, calpain 14, an intracellular protease that is a key regulator of barrier function (11) .
Proteins from the family of serine peptidase inhibitor, kazal type (SPINK) contain at least one inhibitory kazal domain that binds to their target serine proteases and inhibit their proteolytic function. SPINK7 (also known as esophageal cancer-related gene 2) has a role as a tumor suppressor by its ability to inhibit the binding of urokinase plasminogen-type activator (uPA) to uPA receptor (uPAR) and cleavage of uPAR, which suppresses cell migration/invasion and signaling pathways including elevated cytosolic calcium (12, 13) .
Here, we demonstrate that the expression of SPINK7 is part of the epithelial cell differentiation program and that its deficiency induces epithelial cells to unleash proteolytic activity and proinflammatory innate responses associated with impaired epithelial barrier. Treatment with the broad-spectrum antiserine protease, 1 antitrypsin (A1AT), reversed the pathologic features associated with loss of SPINK7. Furthermore, we link these findings to the uPA/uPAR pathway by functional and genetic experiments. Together, we have identified a homeostatic anti-inflammatory mechanism in the esophagus and present evidence that its disruption may be a paramount signal in the development of disease and amenable to therapeutic targeting.
RESULTS

SPINK5 and SPINK7 share low identity in their kazal domains and show differential expression in the esophagus
Of the eight SPINK genes expressed in the human esophagus, the most highly expressed were SPINK5 and SPINK7 [1450 and 831 fragments per kilobase million (FPKM), respectively; Fig. 1A ]. Expression of SPINK7 at homeostasis was >150-fold greater than that of SPINK8 (831 versus 5 FPKM, respectively), which was the most highly expressed SPINK after SPINK5 and SPINK7. Four of the eight expressed SPINKs were decreased in patients with EoE, with SPINK7 showing the most significant down-regulation (16-fold reduction; P = 3 × 10 −8 ) and SPINK5 showing 1.9-fold reduction (P = 0.0005) compared to control individuals (Fig. 1A) . Having identified SPINK5 and SPINK7 as the most abundant SPINKs in the esophagus, we analyzed the identity between the inhibitory kazal domain of SPINK7 and the 15 kazal domains of SPINK5, known to be involved in the development of atopic dermatitis and type 2 immune responses (14) . We found that the SPINK7 kazal domain shares the most identity with kazal domain 15 of SPINK5 (Fig. 1B) but with only 35% identity ( fig. S1A ). The average identity between the kazal domain of SPINK5 and the SPINK7 was lower compared to the identity between different kazal domains within SPINK5 (23 ± 5% compared to 42 ± 7%, respectively; fig. S1, A and B). Confocal microscopy of esophageal biopsies revealed that both SPINK5 and SPINK7 are expressed in the epithelium. SPINK5 and SPINK7 were expressed in all layers of the epithelium, with SPINK7 being more dominant in the suprabasal epithelium (Fig. 1C) . Consistent with these data, we found some overlap but distinct spatial and cellular expression patterns of SPINK5 and SPINK7 in the esophageal tissue by single-cell RNA sequencing (RNA-seq). SPINK5 was highly expressed in most epithelial cell types in the normal esophagus and colocalized with KRT4, whereas SPINK7 was more abundant in a specific subset of cells that coexpressed TGM3 ( fig. S1C ) identified by principal components analysis. In active EoE, SPINK5 mRNA expression is moderately decreased but remains highly detectable in many cell types consistent with bulk RNA-seq data, whereas SPINK7 is nearly completely undetectable. These data further support the different roles of SPINK5 and SPINK7 in the esophagus.
Consistent with previous reports, SPINK5 protein expression was down-regulated in EoE patients compared to control individuals (15, 16) , but this effect was modest compared with SPINK7, which was almost completely lost in patients with EoE compared to control individuals (Fig. 1C) . Analysis of additional esophageal biopsies (n = 133 patients) demonstrated that SPINK7 mRNA was down-regulated in EoE compared to controls (Fig. 1D) (17) . Because it had been demonstrated that EoE pathogenesis is mediated at least in part by an IL-13-stimulated, keratinocyte-derived transcriptome (18), we also asked whether IL-13 can down-regulate SPINK5 and SPINK7 expression. IL-13 stimulation up-regulated CCL26 as expected in differentiated esophageal epithelial progenitor cells (EPC2), but IL-13 did not alter SPINK5 and SPINK7 expression (Fig. 1E) .
Notably, SPINK7 expression is reinstated with successful therapy (that is, patients with inactive disease after treatment with diet or glucocorticosteroids) as compared to patients who were diagnosed with active disease after treatment (Fig. 1F ). SPINK7 correlated with 73 EoE signature genes. SPINK7 positively correlated with key barrier genes such as CRISP3, CLDN10, DSG1, and FLG and negatively correlated with the genes of key esophageal related cytokines/chemokines and inflammation such as CCL26, CXCL1, CXCL6, CXCL8, and ALOX15; genes that have functions involved in tissue remodeling such as MMP12, CTSC, PLAU, PLAUR, and POSTN; mast cell proteases including CPA3 and TPSB2; and the ion channels ANO1 and SLC16A4 ( Fig. 1G and table S1 ). In contrast to SPINK7, SPINK5 correlated with a smaller number of genes (17 genes). These genes include CLDN10, CRISP2, CRISP3, UPK1A, CRYM, and ARG1 (Fig. 1G and  table S1 ). SPINK7 and SPINK5 correlated with each other and with other EoE signature genes including CCL26, CDH26, IL5, CLDN10, MMP12, and CXCL8 ( Fig. 1G and table S1 ).
SPINK5 and SPINK7 expression is part of the epithelial differentiation program and regulates barrier function, whereas loss of SPINK7 is upstream of SPINK5 and impairs epithelial differentiation We induced epithelial differentiation by culture of esophageal epithelial progenitor cell line (EPC2) exposed to the air-liquid interface (ALI), as previously reported (9) . Among SPINK family members, the expression of SPINK5 and SPINK7 mRNA was most highly increased with differentiation, increasing by 915-and 752-fold, respectively (P = 0.0007 and P < 10 −10 , respectively; fig. S2A ), consistent with the in vivo expression pattern.
We aimed to silence SPINK5 and SPINK7 expression specifically by interference short hairpin RNA (shRNA) targeting of a region of SPINK5 and SPINK7 that exhibited less conservation between both genes (fig. S2B). EPC2 cells and primary esophageal epithelial cells from control subjects were stably transduced with a vector expressing either shRNA targeting SPINK5 or SPINK7 or nonsilencing control (NSC) shRNA. In cells expressing the SPINK7-directed shRNA, a nearly complete loss of SPINK7 expression and no effect on SPINK5 were observed, and silencing of SPINK5 did not alter SPINK7 expression, indicating specificity of the gene-silencing constructs toward SPINK5 and SPINK7 ( fig. S2C ). The silencing of either SPINK5 or SPINK7 resulted in dilated intercellular spaces after ALI differentiation (day 14) compared with NSC treatment (Fig. 2A) . Transepithelial electrical resistance (TEER) was reduced by ~2.3-and ~2.5-fold (both P < 0.0001) during ALI differentiation of SPINK7-and SPINK5-silenced cells compared to NSC-treated cells, respectively (Fig. 2B) . These data collectively suggest that silencing of either SPINK7 or SPINK5 is sufficient to impair the epithelial barrier. Having identified both SPINK7 and SPINK5 as part of the epithelial differentiation program ( fig. S2A ), we aimed to examine the effect of SPINK7 silencing on SPINK5 expression and vice versa. There was no effect of SPINK7 down-regulation on SPINK5 mRNA abundance in undifferentiated EPC2 cells ( fig. S2C ), whereas SPINK7 silencing markedly reduced the expression of SPINK5 mRNA after ALI differentiation (88-fold decrease; Fig. 2C ). In contrast, SPINK5 silencing did not affect SPINK7 expression after ALI differentiation (Fig. 2D) . Notably, the expression of SPINK7 correlated with SPINK5 in a cohort of EoE patients (n = 84, r = 0.75, P < 0.0001; fig. S2D ). These data suggest that loss of SPINK7 expression may be upstream of loss of SPINK5.
We performed whole-transcriptome sequencing analysis of EPC2 cells after ALI differentiation. This analysis revealed 270 genes that were differentially expressed (DE) in the SPINK7-silenced cells compared to NSC-treated cells [P < 0.05, fold change > 2, reads per kilobase of transcript, per million mapped reads (RPKM) > 1; S3B ). Furthermore, we compared gene expression between EPC2 monolayer culture (day 0 of differentiation) and differentiated EPC2 cells in ALI culture (day 14 of differentiation). This analysis revealed 3225 DE genes (P < 0.05, fold change > 2, RPKM > 1; table S3). The majority (77%) of the genes modified by SPINK7 silencing were also modulated during epithelial cell differentiation, including a regulator of terminal epidermal differentiation, calmodulin-like 5 (CALML5) (19) , and the cornified envelope components expressed by differentiated keratinocytes, such as FLG and LOR ( fig. S3C shows the top dysregulated genes that overlap between differentiation and SPINK7 silencing). The genes that were increased the most during differentiation were down-regulated after SPINK7 silencing, indicating that loss of SPINK7 promotes transcriptional changes that mimic an undifferentiated epithelial phenotype.
Focusing on the epidermal differentiation complex (EDC) on 1q21, the locus with the greatest changed expression in the EoE transcriptome (20), we intersected the genes altered by SPINK7 silencing and the EDC. Of the 54 EDC genes expressed by differentiated epithelial cells (RPKM > 1), 17 genes were significantly down-regulated (P < 0.05) by SPINK7 silencing (Fig. 2E) . SPINK7 silencing resulted in a marked decrease in FLG mRNA and protein expression (Fig. 2, F to H) .
We analyzed the architectural changes after SPINK7 loss. At baseline (day 7), SPINK7 silencing increased noncellular spaces by 5.4-fold (P = 0.008) compared to NSC treatment, which yielded densely packed cells ( fig. S4A ). The same finding was observed in SPINK7-silenced cells at day 9 (5.4-fold increase; P = 0.01). Notably, by 11 to 14 days, blebbing of the squamous layers was seen after SPINK7 silencing ( fig. S4A ). Quantifying the percentage of total area of dilated intercellular spaces revealed that SPINK7-silenced cells had a threefold increase (P = 0.0001) in the noncellular tissue area compared with that of NSC-treated cells ( fig. S4A) . As a control, morphometric analysis of the total area of the differentiated cells was not altered after SPINK7 silencing compared to NSC treatment ( fig. S4B ), indicating no change in acanthosis. Transmission electron microscopy revealed that the microplicae, intercellular ridges, and finger-like projections between cells that were readily apparent in the NSC-treated cells were nearly absent from SPINK7-silenced cells (Fig. 2I ).
Immunofluorescence analysis of submerged and ALI cultures of EPC2 cells revealed that E-cadherin localized to the cellular membrane and showed an organized pattern of cellular junctions in NSCtreated cells (Fig. 2J) . After SPINK7 silencing, E-cadherin was diffusely present within cells and the cellular membrane, and the staining was often found in aggregates (Fig. 2J ). Immunofluorescence analysis of DSG1 expression in ALI cultures of NSC-treated cells revealed mainly membrane localization, whereas DSG1 expression was decreased and localized in the cytoplasm and membrane after SPINK7 silencing (Fig. 2K) . This is relevant because DSG1 is markedly lost in EoE (9) , and homozygous mutations in DSG1 are sufficient for induction of EoE (2) .
Confocal microscopic analysis of high-resolution three-dimensional structures of differentiated cells revealed that DSG1 and E-cadherin staining was limited to membranes in the superficial regions of the NSC-treated cells and demonstrated close association between the cells (Fig. 2L and movie S1 ). In contrast, there was separation of these molecules after SPINK7 silencing (Fig. 2L and movie S2), with a 3.5-fold increase in the ratio of cells with altered junctional proteins after SPINK7 silencing compared to NSC treatment (P = 1.6 × 10 ; fig. S4D ). These data reveal that SPINK7 silencing expression was sufficient to induce impaired barrier function.
Silencing of SPINK7 results in transcriptional changes that overlap with the EoE and IL-13-associated transcriptomes
We examined the impact of loss of SPINK7 on the EoE transcriptome, which is the altered transcriptional profile of esophageal tissue of patients with EoE compared to healthy controls (18) . We intersected the genes modified by SPINK7 silencing in differentiated cells with the EoE transcriptome and found a substantial overlap of 36% (Fig. 3A) . These genes were enriched for functional pathways involved in skin inflammation, skin physiology, skin morphology, and innate immune response (Fig. 3A) , including major histocompatibility complex (MHC), FLG, interferon induced with helicase C domain 1 (IFIH1), and IL36RN genes ( fig. S5A) . Because it had been demonstrated that EoE pathogenesis is mediated at least in part by an IL-13-stimulated, keratinocytederived transcriptome (18), we also intersected the genes modified by SPINK7 silencing with the genes modified by IL-13 treatment in EPC2 cells after ALI differentiation using genome-wide RNA-seq (21) . This is a relevant transcriptome set as humanized anti-IL-13 therapy has a beneficial impact on patients with EoE (22) . One hundred nineteen genes (44% of the genes in the SPINK7 transcriptome) overlapped between these two transcript profiles (Fig. 3B ). These genes were enriched for skin pathways including keratosis and acantholysis, skin development and differentiation, and innate immunity pathways (Fig. 3B  and fig. S5B ). Many of the genes were localized in the cornified envelope (Fig. 3B) . Further, nearly half of the overlapping genes between SPINK7-regulated transcripts and the EoE transcriptome were regulated by IL-13 (Fig. 3C ).
SPINK7 silencing unleashes the production of proinflammatory cytokines
We analyzed the supernatant of SPINK7-silenced cells using a multiplex cytokine array. Among 64 cytokines, there was a marked change in 6 of 14 18 cytokines (Fig. 4A and fig. S6A ). IL-8, a potent chemoattractant of neutrophils and eosinophils (23) , was increased by 12-fold (P = 0.03) in the SPINK7-silenced cells compared to NSC-treated cells (Fig. 4A) . The increase in IL-8 was verified by enzyme-linked immunosorbent assay and quantitative PCR analysis (Fig. 4B and fig. S6B ). There was a negative correlation between SPINK7 and IL8 mRNA expression in the esophageal biopsies of a cohort of patients with and without active EoE (n = 83 and n = 50, respectively, P = 0.014; fig. S6C ), supporting CRISP3  FLG  SLURP1  SPRR2B  KPRP  CALB2  LYPD2  HS3ST6  DAPL1  CXCR2  SDR9C7  TCN1  IL36RN  C10orf99  ACPP  FAMD3  SLC10A6  HOPX  SPINK5  CSGALNACT1  CAMK1D  WFDC5  KLK1  FETUB  SLC15A1  GCNT3  SERPINB4  CDH26  OAS3  IFIT5  LAMP3  IFIT1  USP18  DHX58  DTX3L  HLA-B  PARP12  OAS2  IFIH1  PARP9  GBP1  BST2  IFI44  PARP14  IFIT2  DDX58 the inverse relationship between SPINK7 and IL8. In addition, IL8 expression increased in patients with EoE compared to controls ( fig.  S6D ), consistent with a previous report (24) . Last, loss of SPINK7 also stimulated TSLP release via Toll-like receptor 3 (TLR3) activation (Fig. 4C) .
CRISPR/Cas9-generated CRISPR/Cas9 SPINK7 knockout cells exhibit similar phenotypes to SPINK7-silenced cells, overexpress the mesenchymal marker vimentin, and exhibit increased metalloprotease activity To validate the role of SPINK7 in epithelial homeostasis, we generated SPINK7-deficient EPC2 cells via clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-mediated genome editing. CRISPR/Cas9 induced insertions and deletions in both alleles, resulting in a frameshift and premature stop codon after amino acid 17 ( fig. S7, A and B) . In contrast to shRNA SPINK7-silenced cells that expressed low SPINK7, CRISPR/Cas9 SPINK7 knockout (KO) cells did not express detectable SPINK7 protein after differentiation compared to control cells as assessed by Western blot analysis ( fig. S7C ). After differentiation, SPINK7 KO cells demonstrated a twofold decrease in the TEER compared to control cells (P < 0.0001; Fig. 5A ). The impaired barrier was associated with decreased FLG mRNA expression (Fig. 5B) . Supernatants of differentiated control cells inhibited the activity of purified uPA (70% inhibition; Fig. 5C ).
In contrast, supernatants of SPINK7 KO cells had increased uPA activity (Fig. 5C ). SPINK7 KO cells had increased TSLP release compared to control cells after TLR3 stimulation (Fig. 5D ). We observed a marked increase in vimentin expression in the SPINK7 KO cells (Fig. 5 , E and F), a marker of mesenchymal cells. In addition, we observed increased production of transforming growth factor- by SPINK7 KO epithelial cells ( fig. S7D ), which may explain the increased vimentin expression (25) . Therefore, we suggest that loss of SPINK7 promotes epithelial-to-mesenchymal transition (EMT), at least in part. SPINK7 was identified as an esophageal tumor suppressor gene because of its protein's ability to inhibit invasion of tumor cells by inhibiting the degradation of the extracellular matrix (ECM) (13) . We further investigated whether SPINK7 could indirectly affect ECM processes by regulating the activity of matrix metalloproteinases (MMPs), which are important regulators of the ECM rearrangement. CRISPR/Cas9 SPINK7 KO supernatants demonstrated significantly higher MMP proteolytic activity as assessed by the cleavage of MMP fluorogenic substrate (23% increased; P = 0.008; Fig. 5G ). We then used a fluorogenic substrate for MMP9 and observed significantly increased MMP9 activity (twofold increased; P = 0.0048; Fig. 5H ).
We performed a whole-transcriptome sequencing analysis of CRISPR/Cas9 gene-edited SPINK7 KO cells compared to control cells after ALI differentiation. We identified 1498 genes that were dysregulated in the SPINK7 KO cells compared to control cells (table S4) . These genes were enriched with genes that regulate skin development, defense response, response to cytokines and inflammatory response, keratinocytes differentiation, cell death, wounding, and cell migration (Fig. 5I ). In addition, these genes overlapped with 51% of the SPINK7-silenced cells transcriptome (139 genes; fig. S7E ). Notably, SPINK7 KO cells overexpressed the gene product of the EoE susceptibility locus, CAPN14 (table S4) (26) .
SPINK7/uPA/uPAR pathway contributes to eosinophil activation
Supernatants from cells during differentiation revealed a 1.8-fold increase in uPA activity after SPINK7 silencing (P = 0.013; Fig. 6A ), consistent with the reported inhibitory activity of SPINK7 (12, 13) . In esophageal biopsies from patients with EoE, uPA mRNA expression was increased by 2.7-fold (P = 0.0003) and uPA activity was increased by 10-fold (P = 0.043) compared to control individuals (Fig. 6, B and C) . As a control, pan protease activity was not altered in EoE biopsies compared to control biopsies (Fig. 6D) , indicating a relatively specific effect on uPA.
We investigated the effect of uPA on EPC2 during ALI. The uPA activity in the cell supernatant was substantially elevated by uPA Data are presented as the mean fold change of SPINK7 compared to NSC of three independent experiments performed in duplicate or triplicate. Blue, down-regulated cytokines after SPINK7 silencing compared to NSC; yellow, up-regulated cytokines after SPINK7 silencing compared to NSC. The label "CXCL1/2/3" represents the collective detection of CXCL1, CXCL2, and CXCL3. (B) IL-8 protein in supernatants from NSC-treated or SPINK7-silenced EPC2 cells after ALI differentiation (day 14). Each point represents one data point from three independent experiments performed in triplicate.
(C) A representative experiment of TSLP release from EPC2 cells that were grown in high-calcium media for 64 hours and then stimulated for 8 hours with the indicated concentrations of polyinosinic-polycytidylic acid (polyI:C). Cell supernatants were assessed for TSLP levels from three independent experiments. Data are the means ± SD of a representative experiment. All P values were calculated by t test (unpaired, two-tailed).
administration in a dose-dependent manner ( fig. S8A ). uPA did not affect the barrier function as measured by TEER ( fig. S8B ) and did not induce dilated intercellular spaces ( fig. S8C ). uPA did not modify the expression of a panel of EMT markers in EPC2 cells ( fig. S8D ).
uPA activates eosinophils
We analyzed the expression of uPAR, the uPAR on immune cells that are involved in EoE including mast cells, eosinophils, basophils, and CD4 and CD8 lymphocytes from the blood and esophagus ( fig. S9A ). The highest expression of uPAR was found on blood eosinophils ( fig. S9 , A and B). It is notable that uPA binds to its receptor uPAR on the D1 domain and cleaves uPAR. This cleavage results in exposure of a ligand on uPAR that promotes interaction with coreceptors such as the formyl peptide receptor-like 1 and cellular activation (12) . We investigated the effects of uPA on the expression of uPAR. uPA decreased D1 domain expression on eosinophils in a dose-dependent manner and did not affect the levels of cell surface D2D3 domain ( fig. S9, C and D) . We then showed that supernatants derived from CRISPR/Cas9 SPINK7 KO cells after differentiation had the capacity to decrease the D1 domain on the surface of eosinophils compared to supernatants derived from differentiated control cells (Fig. 6E) . Furthermore, we detected down-regulation of uPAR on esophageal eosinophils in the biopsies of patients with ) derived from either blood or esophageal biopsies from patients with EoE (n = 8 individuals). Each point represents a single patient. P value was calculated by t test (paired, twotailed). IgG1, immunoglobulin G1. (G) Using flow cytometry, expression of D1 and D2D3 domains of uPAR was quantified (according to the MFI) on the cell surface of eosinophils derived from esophageal biopsies of additional six patients with EoE. Each point represents a single patient. P value was calculated by t test (paired, two-tailed). (H) Supernatants derived from either SPINK7 KO cells, control cells, or purified eosinophils treated with uPA (10 nM) or a combination of A23187 (10 M) and phorbol 12-myristate 13-acetate (50 nM) (Ion + PMA), which induced the release of EPX from the eosinophils purified from blood of three healthy donors. Data are means ± SD. P value was calculated by t test (unpaired, two-tailed).
EoE compared with blood eosinophils (P = 5 × 10 −5
; Fig. 6F and fig.  S9B ). We further analyzed the expression of the D2D3 domain on eosinophils using an antibody that binds to the D3 domain. In contrast to the D1 domain, the expression of the D2D3 domain was detectable in esophageal eosinophils (Fig. 6G) . These collective data indicate that uPAR is expressed by esophageal eosinophils and is modulated in its D1 domain in the esophagus and that loss of SPINK7 initiates downstream events that have the capacity to modulate the D1 domain. Notably, uPA stimulated activation of eosinophils as measured by release of eosinophil peroxidase (EPX) (P = 0.0007) from peripheral blood-derived eosinophils (Fig. 6H) . In addition, supernatants from CRISPR/Cas9 gene-edited SPINK7 KO cells stimulated activation of eosinophils that was higher by 26-fold compared to supernatants from control cells (P = 0.002; Fig. 6H ). These results indicate that in EoE, esophageal eosinophils express uPAR that is likely being cleaved by uPA in the esophagus and that this process has potential to promote eosinophil activation ( fig. S9E ).
Administering a protease inhibitor reverses the effects caused by loss of SPINK7
We hypothesized that inhibiting elevated proteolytic activity would ameliorate the impaired barrier and the loss of epithelial differentiation elicited by the loss of SPINK7. We focused our attention on a pharmacological drug with a broad serine protease inhibition activity using the A1AT (27) . Administering A1AT to differentiated EPC2 cells inhibited the trypsin-like activity of the supernatant of SPINK7-silenced cells (Fig. 7A) . A1AT dose-dependently improved barrier function (Fig. 7B) and epithelial integrity as demonstrated by the decreased dilation of intercellular spaces (Fig. 7C) . Consistent with these findings, treatment with A1AT increased FLG expression (Fig. 7D) .
Single-nucleotide polymorphism screen reveals genetic epistasis between TSLP and PLAU Epistasis occurs when the effect of a genetic variant on a trait is dependent on genotypes of other variants elsewhere in the genome (28) . We screened for epistasis between TSLP, located at 5q22, an established EoE-associated genetic locus (10, 29) and atopy-associated genes (n = 68) using a custom, high-density, single-nucleotide polymorphism (SNP) chip platform, allowing us to potentially identify genetic interactions. Using logistic regression with an interaction term, we screened for evidence of epistasis between TSLP and atopyassociated genes on the SNP chip using EoE (n = 725) and control (n = 412) cohorts. We found an unexpected, strong association between PLAU (uPA) variants and a major EoE genetic susceptibility variant at 5q22 locus within the TSLP locus. The most substantial SNPs that interacted with TSLP were three PLAU variants (rs2459449, rs2227551, and rs2227564; P value range, 0.0001 to 0.0003; Fig. 8A ).
To evaluate the interaction further, we created a four-level variable that characterized the presence of at least one minor allele for TSLP and PLAU (rs2459449). We then performed logistic regression and found that the absence of the TSLP minor allele [TSLP risk variant (C/C)] in combination with the presence of the minor allele [(C/T) or (T/T)] in PLAU increased the risk of EoE [odds ratio (OR) = 2.73; P = 0.0003] compared to individuals who had both minor alleles (Fig. 8B) . The absence of the minor allele from PLAU resulted in a modest increase in EoE risk (OR = 1.56), as did the absence of minor alleles from both genes (OR = 1.29). These collective data support an interaction between TSLP and the SPINK7/PLAU pathway.
DISCUSSION
The data presented here identify a role for the naturally occurring serine protease inhibitor SPINK7 as a homeostatic, anti-inflammatory regulator of esophageal epithelium. We demonstrate that SPINK5 and SPINK7 are constitutively produced by differentiated esophageal squamous epithelium. Loss of SPINK7 is sufficient for induction of proinflammatory responses including (i) loss of barrier integrity including formation of dilated intercellular spaces, absence of microplicae, increased paracellular permeability, and reduced TEER; (ii) epithelial acantholysis including disruption of the adherens junction proteins E-cadherin and DSG1; (iii) defective epithelial cell differentiation highlighted by loss of FLG expression; (iv) promotion of the EMT marker vimentin and metalloproteinases; and (v) induction of an innate transcript signature that overlaps with allergic inflammation including processes regulated by IL-13 and marked cytokine release. We identify uPA as a mediator of eosinophil activation downstream from the loss of SPINK7, at least in vitro. Finally, we substantiate these findings by identifying genetic epistasis between PLAU and TSLP. SPINK5 undoubtedly contributes to type 2 immune responses, as demonstrated by the hyperatopy state when SPINK5 deficiency occurs in the rare autosomal recessive disease Netherton syndrome (14, 30) . Recently, a high prevalence of esophageal eosinophilia was observed in a cohort of patients with Netherton syndrome (15, 16) . We showed that SPINK5 and SPINK7 are expressed in the epithelium but exhibit distinct spatial and cellular expression patterns. In active EoE, SPINK5 expression is decreased but still detectable, whereas SPINK7 expression is virtually abolished at the single-cell level. We have shown that although SPINK5 and SPINK7 share low percent identity in the protein sequences, silencing of either SPINK7 or SPINK5 is sufficient to impair the epithelial barrier in a similar matter. Although SPINK5's role in skin atopic diseases has been highly investigated, the role of SPINK7 in atopic diseases is less clear. The comparative importance of SPINK7 in the context of EoE is demonstrated by its relative deficiency in EoE compared with control individuals and its high expression in the normal esophagus. Analysis of esophagealspecific genes in public data sets reveals that SPINK7 is an esophageal enriched gene (31) .
We demonstrated that uPA activity increases in EoE biopsies, suggesting that decreased SPINK7 inhibitory activity is present in EoE. However, uPA is inhibited by other protease inhibitors beside SPINK7, and therefore, loss of SPINK7 may only partially account for the increased uPA activity. Whether SPINK5 kazal domains can inhibit uPA requires further investigations. We could not directly determine the activity of SPINK5 and SPINK7 in the esophagus due to overlap and unknown identity of target proteases. Our data reveal decreased expression of SPINK7, and we suggest that this decreased expression accounts for dysregulation in proteolysis in the esophagus. We further provide evidence that loss of SPINK7 in differentiated EPC2 cells may be upstream from loss of SPINK5. However, we cannot exclude the possibility that complete loss of SPINK5 expression alters epithelial differentiation and subsequently affects SPINK7 expression. Lack of FLG and DSG1 are also contributory to barrier impairment (fig. S10A) (9, 32) , but their silencing was not sufficient for loss of SPINK7 ( fig. S10B ).
We further demonstrate that esophageal eosinophils lack the D1 domain of uPAR that is normally observed on blood eosinophils. In addition, our data demonstrate that uPA directly activates eosinophils, perhaps by cleaving uPAR. These findings indicate that SPINK7 has a potential to regulate the interplay between epithelial cells and eosinophils in the esophagus. Further, genetic epistasis between TSLP and PLAU alleles provides independent evidence for the contribution of this pathway to allergic inflammation in EoE.
It has been reported that SPINK7 provides a spindle assembly checkpoint and that loss of SPINK7 results in rapid proliferation and chromosomal instability (33) . Therefore, we suggest that the defect in the differentiation process caused by the loss of SPINK7 could be a part of a programmed cell response to repair damaged tissue by increasing the pool of undifferentiated cells with proliferative capacity. In addition, we demonstrate that the loss of SPINK7 caused release of several cytokines [that is, IL-1, TNF (tumor necrosis factor-), and PDGF (platelet-derived growth factor)] that are key regulatory molecules of tissue repair. The uPA/uPAR pathway has been shown to potentially interact with these cytokines in wound repair mechanisms (34, 35) . Furthermore, IL-8 is known to regulate tissue regeneration by promoting angiogenesis (34, 36) . Notably, induced angiogenesis and IL-8 occur in EoE (24, 37) .
Although SPINK7 loss induces a transcript signature that overlaps with processes regulated by IL-13, IL-13 stimulation does not affect SPINK7 expression. We suggest that SPINK7 regulates a unique pathway that occurs in parallel to IL-13-induced changes. The question as to what causes the down-regulation of SPINK7 in EoE remains unanswered.
It has been reported that SPINK7 regulates its function by controlling the RNA binding protein human antigen R (HuR) (38) . HuR increases the expression of its target proteins by binding to AU-rich sequences in 3′ untranslated regions on the mRNAs and preventing mRNA degradation. HuR regulates the expression of eotaxin-1, which is a potent chemoattractant of eosinophils (39) . The involvement of the SPINK7/HuR pathway in EoE requires further investigation.
We suggest that loss of SPINK7 serves a causative role in compromising the epithelial barrier and as an internal signal for epithelial damage with inflammatory consequences. We propose that SPINK7 provides a novel checkpoint for dampening a proinflammatory response characterized by excessive cytokine production and eosinophil activation in the esophagus. In addition, genetic variants in this pathway interact with pathways germane to allergic responses (that is, TSLP) to initiate and/or propagate allergic inflammation at least in the esophagus. We demonstrate that administering the serine protease inhibitor A1AT ameliorates the epithelial impairment in vitro, at least in part. Thus, we propose that protein replacement therapy with protease inhibitors such as A1AT has therapeutic potential for atopic diseases such as EoE and Netherton syndrome. A limitation of our study is that our findings are primarily done in vitro; further testing in preclinical in vivo models and, eventually, in patients is necessary before conclusions are definitive.
We suggest that local fluctuations in SPINK7 expression regulate allergic responses by three mechanisms: first, by hampering the epithelial barrier, which promotes immune cells (such as dendritic cells) to increasingly encounter luminal antigens; second, by regulating uPA activity and modulating uPAR on the surface of eosinophils; and third, by priming epithelial cells to secrete proallergic and immunomodulatory cytokines (illustrated in fig. S10C ). Given these collective observations, we propose that SPINK7 is a counterregulatory antiprotease that curtails inflammatory responses in the squamous epithelium, particularly in the esophagus. Acquired loss of SPINK7 is sufficient for unleashing a series of responses that induce marked proinflammatory innate immunity, contributing to the allergic response in this tissue. A deeper understanding of the reported findings and their in vivo relevance is warranted.
MATERIALS AND METHODS
Study design
The aims of this study were to assess whether the loss of esophageal SPINK7 has a role in the initiation and/or propagation of EoE and to understand the mechanism by which SPINK7 mediates its function. We analyzed SPINK7 mRNA and protein expression in the esophagus using several cohorts of EoE patients compared to controls in comparison to other SPINK members, particularly SPINK5. We complement these analyses with sequence homology analysis between SPINK7 kazal domains and SPINK5 kazal domains. We manipulated SPINK7 expression in EPC2 cells and in primary cells derived from esophageal biopsies using shRNAs and by CRISPR/ Cas9 gene deletion. Epithelial cells were differentiated and assessed by several experimental approaches including FITC-dextran flux, epithelial resistance measurements, immunofluorescence (IF) analysis of barrier proteins and junctional complexes, proteolytic activity, electron microscopy examination, and cytokine release. Wholetranscriptome analysis was carried out in differentiated EPC2 cells after SPINK7 silencing compared to NSC and in CRISPR/ Cas9 SPINK7 KO compared to control.
uPA proteolytic activity was determined in biopsies of EoE patients and control patients, and uPAR expression was assessed in several immune cells. We investigated the effect of loss of SPINK7 and increased uPA activity on eosinophils by analyzing uPAR cleavage by flow cytometry and eosinophil degranulation by EPX release. Eosinophils were incubated with recombinant uPA or with supernatants derived from differentiated CRISPR/Cas9 SPINK7 KO or controls. Lastly, we used a custom Illumina GoldenGate SNP chip that contains 668 SNPs in 78 genes and performed logistic regression analyses with interaction term using 725 cases and 412 controls. Information on the study outline, sample size, and statistical analysis is shown in the main text, figures, figure legends, and the Supplementary Materials.
Statistical analysis
Statistical significance was determined using a t test (unpaired, twotailed) unless mentioned otherwise. Spearman correlations were used to test for correlated gene expression. All statistical analyses were performed using GraphPad Prism (GraphPad Software Inc.).
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